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23
A crack propagation criterion for a rock-concrete interface is employed to investigate the 24 evolution of the fracture process zone (FPZ) in rock-concrete composite beams under 25 three-point bending (TPB). According to the criterion, cracking initiates along the interface 26 when the difference between the mode I stress intensity factor (SIF) at the crack tip caused 27 by external loading and the one caused by the cohesive stress acting on the fictitious crack , it was found that the fracture of the specimen along the interface always 64 corresponded to lower mixed mode stress intensity factor (SIF) ratios. On the contrary, the 65 cracks for higher mixed mode stress intensity factor ratios usually diverted to one side of the 66 interface 6,9
. In addition, the interfacial crack was inclined to kink into the weaker material in the analysis of the interfacial fracture process.
73
For quasi-brittle materials, the fracture process zone (FPZ) lies in front of the crack tip,
74
and attracts significant concerns when studying the nonlinear response of an engineering 75 structure constructed with quasi-brittle materials during the fracture process. understanding of the FPZ evolution of a rock-concrete interfaces so that nonlinear fracture 142 mechanics can be more efficiently employed to the analysis on crack propagation.
143
NUMERICAL METHOD
144
The crack propagation criterion which implements the initial fracture toughness has 145 been adopted to successfully simulate the crack growth of mode I and mixed mode fracture 146 in concrete 17, 28, 30 . This criterion for mode I crack propagation can be described by the 147 following formula: .
157
In the case of a rock-concrete interface, however, the crack propagation criterion 
174
E i , ν i , δ x and δ y are the Young's modulus, Poisson's ratio, and the relative crack surface 175 displacements in x and y directions, respectively.
176
As previously mentioned, crack growth along a rock-concrete interface is in fact a mixed 177 mode fracture process. However, it should be noted that K 2 is far less than K 1 for a TPB interface. 100 mm × 100 mm × 200 mm prisms were prepared, which consisted of two geometrically identical blocks, i.e. rock and concrete block, respectively. The uniaxial tensile strength, f t , is calculated from the following equation:
where P max is the peak load, and A is the interfacial area.
192
In this paper, the crack propagation criterion is modified and extended to determine the following:
In Eq. (10), K rock-concrete interface were tested under TPB to investigate the fracture process. The 206 P-CMOD curves were derived from the experimental studies. In addition, taking a composite 207 beam as an example, the FPZ evolution during the complete fracture process was also 208 studied using a DIC technique.
209
Experimental specimens
The geometry of the rock-concrete composite beams and the test setup are illustrated with the results presented in Table 1 , in which E, ν, f c and f t denote the elastic modulus,
224
Poisson's ratio, compressive strength and splitting tensile strength, respectively.
225
Three-point bending tests
226
The three-point bending tests on the rock-concrete composite beams were performed 227 using a 250kN closed-loop servo-hydraulic testing machine (MTS) under a displacement 228 control loading mode at a rate of 0.012 mm/min. Both the displacement at the loading point 229 and the CMOD were measured using clip gauges. In order to measure P ini , four strain 230 gauges were symmetrically attached at the pre-notch tip on both sides of a composite beam.
231
Strain gauges and clip gauges, together with a load cell were connected to an Integrated testing is illustrated in Fig 3. 
234
The fracture parameters of a composite beam with a rock-concrete interface including K ini 1RC ,
235
P-CMOD curve and G f were derived from the results of the three-point bending tests. Based 236 on LEFM, in order to calculate the initial fracture toughness, P ini should be determined.
237
When a crack initiates and starts to propagate, the measured strain on the two sides of the 238 crack will suddenly and significantly decrease due to the release of fracture energy.
239
Therefore, P ini can be determined according to the variation of the measured strain at the tip 240 of a pre-crack. Meanwhile, G f of the rock-concrete interface was derived from the 241 load-deformation curves, which is the same procedure to concrete suggested by RILEM
42
.
242
The deformation at the loading point can be measured using the clip gauge mounted on the 243 top of the specimen (See Fig. 3 ). G f can be calculated from the following equation:
where W 0 is the area of load-deformation curves, P w is the self-weight of the composite 246 specimen, δ 0 is the deformation when the load decreases to 0, and A lig is the ligament area 247 of the composite specimen.
248
Digital image correlation (DIC) test
249
In order to verify the proposed crack propagation criterion and investigate the FPZ 250 evolution along a rock-concrete interface during the entire fracture process, the 251 displacement on the cracking surface of beam TPB30-1 was studied using a DIC technique,
252
with the test setup shown in Fig. 4 propagation process can be tracked using the opening and sliding displacements at the 260 rock-concrete interface obtained directly by using the DIC imaging.
261
The computational domain is selected based on the potential crack propagation route,
262
in which one analysis point was picked from every five pixels in both u and v directions (see propagation criterion in the analysis of interfacial crack propagation.
284
FPZ evolution
285
In this paper, the crack propagation process of beam TPB30-1 was studied using the 286 DIC technique. By considering the two loading stages, i.e., P 1 = P max and P 2 = 11%P max at 287 the post-peak branch, i.e. the strain-softening branch, as examples, the FPZ evolution and 288 corresponding opening/sliding displacements are illustrated in Fig. 7 . Moreover, the strain 
293
The FPZ evolution of beam TPB30-1 is also simulated using the numerical method 
322
In addition, the effect of specimen size on the FPZ evolution is also studied on the L 323 series composite beams with the same a 0 /D but varied sizes (see Table 5 ). It should be 324 noted that the whole fracture process of beams with a high depth cannot be obtained due to 
333
The results indicate that the FPZ evolution at a rock-concrete interface is largely dependent 334 on the specimen size. Therefore, for concrete structures constructed on rock with a large 335 ligament length, the FPZ will move forward with an almost constant length, i.e. the full FPZ 336 length, under mode I-dominated fracture.
337
In order to explore the mechanism of FPZ evolution, the FPZ evolutions in the T and L 
362
In addition to the effect of a 0 /D, the effect of specimen size on the K 2 /K 1 ratio is also 363 studied. Fig. 16(a) yet. In the analysis, the external load is set as a constant value, and the initial crack length is 378 increased step by step. At each step, the corresponding K 2 /K 1 at the crack tip is calculated.
379
Taking Specimen T20 as an example, the variations of K 2 /K 1 during the complete fracture Therefore, it is more reasonable to test the specimens with small a 0 /D and small geometry 398 size to obtain the mode I fracture at a rock-concrete interface.
399
The peak values of K 2 /K 1 for different specimens with/without considering the effect of 400 FPZ are presented in Table 7 . It can be seen from the FPZ length so that the restriction of the cohesive stress on K 1 is more significant.
405
In order to further verify the effect of specimen size on the initial K 2 /K 1 , the analyses, 
